Abstract. Breast cancer is the leading cause of cancer-related deaths in females worldwide. Triple-negative breast cancer (TNBC) accounts for 15% of all breast cancer cases and has a poorer prognosis than other subtypes. Moreover, the treatment for breast cancer, especially for TNBC, remains unsatisfactory. Therefore, novel therapies are urgently needed. Microribonucleic acids (miRNAs) are a class of biomarkers and therapeutic targets in many types of cancers. In the present study, the expression of miR-384 was explored in GSE58606 and in fresh breast cancer tissues by qPCR. The results showed that miR-384 was decreased in breast cancer, especially in TNBC. The results of MTT, colony formation, soft agar, Transwell migration, wound healing and the tumorigenesis assay demonstranted that overexpression of miR-384 inhibited the proliferation and migration of breast cancer in vitro and in vivo; knockdown of miR-384 enhanced the proliferation and migration of breast cancer. In addition, luciferase assay showed that Activin A receptor type 1 (ACVR1) was a direct target of miR-384 and is involved in the inhibitory effects of miR-384 on breast cancer progression. Furthermore, this study indicated that ACVR1 activated the Wnt/β-catenin signaling pathway in breast cancer. In conclusion, our findings revealed functional and mechanistic links between miR-384 and ACVR1 in the progression of breast cancer. miR-384 not only plays an important role in the progression of breast cancer, but has promise as a potential therapeutic target for breast cancer especially for TNBC.
Introduction
Breast cancer is the second most commonly diagnosed cancer and the leading cause of cancer-related death in women worldwide (1) . The prognosis of human breast cancer depends on such pathologic characteristics such as pathological markers, lymph node metastasis and tumor size. Breast cancer is divided into many subtypes according to molecular phenotypes (2, 3) . Of all molecular subtypes, triple-negative breast cancer (TNBC) accounts for 15% of cases and is associated with a poorer prognosis than other subtypes. TNBC refers to breast cancer which lacks expression of estrogen receptor (ER), progesterone receptor (PR) and hormone epidermal growth factor receptor-2 (HER2). This makes it more aggressive and difficult to treat. Therefore, it is of great clinical value to identify new effective molecules as diagnostic biomarkers and therapeutic targets of breast cancer, especially TNBC. Activin A receptor type 1 (ACVR1) is an important receptor of bone morphogenetic proteins (BMPs) (4) . It has been reported that ACVR1 functions as an important regulator of the BMP/Wnt signaling pathway and promotes the proliferation and metastasis of many cancers (5, 6) . Microribonucleic acids (miRNAs), which are small non-coding RNAs, have been verified to be an important class of regulators in many cancer types (7) (8) (9) . It has been reported that miRNAs negatively regulate gene expression by directly targeting the 3'-untranslated regions (3'-UTR) of their target mRNAs. Identification and characterization of miRNAs involved in breast cancer will facilitate targeting miRNAs for possible therapy (10) . It has been found that the loss of various miRNAs leads to malignancy and nonresponse to chemotherapy, demonstrating their role as tumor suppressors (11) . There are also miRNAs that promote tumor development and metastasis (12) . The role of miRNAs as molecular probes as diagnostic and therapeutic targets has become the focus of research. Identification of therapeutic miRNAs for breast cancer would be of great clinical value.
Several studies have shown that miR-384 is downregulated in various human tumors (13) (14) (15) (16) . However, little is known concerning the clinical pathological correlations and biological functions of miR-384 in breast cancer. In this study, we set out to delineate the role of miR-384 in breast cancer and explore a new therapeutic target for breast cancer.
Materials and methods
Tissue specimens and cell culture. A public database GSE58606 (https://www.ncbi.nlm) was used to explore the expression of miR-384 in this study (17 
RNA extraction and real-time PCR (qPCR).
Total RNA was extracted from cells and tissues with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Then cDNA was synthesized from 2 µg of total RNA and the quantification of miR-384 was performed using the All-in-One™ miRNA real-time PCR Detection kit (Guangzhou GeneCopoeia, Guangzhou, China). Real-time PCR was performed via the Applied Biosystems 7500 Sequence Detection system, using iQTM SYBR-Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) containing 5 ng cDNA and 10 pM of each primer. The cycling conditions consisted of: one cycle at 94˚C for 5 min; 40 cycles at 95˚C for 30 sec; 56˚C for 30 sec. Melting curve analysis was conducted for each PCR reaction to confirm the specificity of amplification. The concentration of miR-384 was calculated based on the threshold cycle (CT), and the relative expression levels were calculated as 2 -∆∆CT [∆∆CT = (CT miR-384 -CT U6 ) T -(CT miR-384 -CT U6 ) N ) or 2 -∆CT (∆CT = CT miR-384 -CT U6 ) after normalization with reference to the quantification of U6 small nuclear RNA expression.
As for the target genes, RT was conducted with the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. qRT-PCR was conducted by SYBR-Green I (Applied BioSystems). The data were normalized to the geometric mean of the housekeeping gene GAPDH and calculated as 2 -∆∆CT . The primers were: β-catenin (F, TGC CAAGTGGGTGGTATA and R, ACGGTTCACCCACCA TAT); cyclin D1 (F, GCGAGGAACAGAAGTGCG and R, GCATCTACACCGACAACTCCA); MMP7 (F, GGAACA GGCTCAGGACTA and R, ACTTACCGCATATTACAGTG); ACVR1 (F, GGCTGCTTCCAGGTTTAT and R, AACCA AGAACGCCTCAAT); GAPDH (F, GACTCATGACCACA GTCCATGC and R, AGAGGCAGGGATGATGTTCTG).
Plasmid construction and transfection. The miR-384 binding site in the ACVR1 is located at 2394-2340 bp, whose full length of 3'UTR is 1,101 bp. The region of human ACVR1 3'UTR at 1,961-2,580 bp was PCR-amplified and inverted into the XhoI/NotI sites of the psiCHECK-2 luciferase reporter plasmid (Promega, Madison, WI, USA). The forward primer and reverse primers used to construct the plasmid were CCGCTCGAGCATTTTCATAGTGTCAAGAA and AAAT ATGCGGCCGCTTCGGCATCATTGTAAACAT, respectively. The ACVR1 construct was generated by cloning PCR-amplified full-length human ACVR1 into Psin-EF-2. miR-384 mimics, inhibitor and their control oligos, the lentiviral vectors and their paired control lentiviral vector, were purchased from Guangzhou GeneCopoeia. The sequences were the same as previously described (16) . The constructed plasmids were transfected into 293FT cells to produce the lentiviral particles. Then the cells were infected with the retroviral production or purchased relevant miR-384 lentiviral vectors. Retrovirus-infected cells were selected by Puro (Sigma-Aldrich, St. Louis, MO, USA) or Hygro (Roche Diagnostics, Shanghai, China) until all of the relative uninfected cells were dead. Real-time PCR and western blot analysis were performed to confirm the stable expression.
Western blot analysis. The cells were harvested and lysed using cell lysis buffer [with phenylmethylsulfonyl fluoride (PMSF)]. Then the lysates were repeatedly pumped with 1-ml injectors and sonicated with 3-4 bursts of 5-10 sec each. Finally, the protein lysates were mixed with β-mercaptoethanol and heated in a boiling water bath for 10 min. Next, the protein lysates were subjected to SDS-PAGE, transferred to PVDF membranes, and then blotted according to standard methods with anti-ACVR1 (1:800; cat. no. 4398; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-p-β-catenin (Ser657) (1:500; cat. no. 4176; Cell Signaling Technology), anti-β-catenin (1:300; cat. no. 610153; BD Biosciences, San Diego, CA, USA), anti-cyclin D1 (1:500; cat. no. 60186; ProteinTech Group, Inc., Chicago, IL, USA), anti-MMP7 (1:200; cat. no. 10374; ProteinTech Group). Anti-α-tubulin monoclonal antibody (Sigma-Aldrich) served as a loading control. All the membranes were incubated with the HRP-conjugated secondary antibody (1:2,000; anti-mouse IgG; cat. no. 7076; 1:2,000; anti-rabbit IgG; cat. no. 7074; CST Shanghai Biological Reagent, Co., Ltd., Shanghai, China). At last, the protein bands were detected by enhanced electrochemiluminescence (Tanon Science and Technology, Co., Ltd., Shanghai, China) with SuperSignal West Pico (Thermo Fisher Scientific, Inc.).
MTT assay, colony formation assay, soft agar assay, Transwell migration assay, sound healing assay and luciferase assay. The psiCHECK-2-luciferase reporter gene plasmids psiCHECK-2-ACVR1-3'-UTR, the control-luciferase plasmid, miR-384-mimics or miR-384-inhibitor were transfected into the cells using Lipofectamine 2000 reagent. The details of the MTT assay, colony formation assay, soft agar assay, Transwell migration assay, wound healing assay and luciferase assay were conducted as previously described (16, 18) .
Animal studies. Female BABL/c nude mice which were 4-5 weeks of age (weight, 15-18 g) were purchased from the Center of Laboratory Animal Science of Guangdong (Guangzhou, China). The mice were kept in a plastic cage with sealed air filter at 27˚C, with ad libitum feeding and 10 h of light and 14 h of dark daily were maintained. All animal experiments were conducted in conformity with current Chinese regulations and standards regarding the use of laboratory animals, and all animal procedures were approved by the Xinxiang Medical University Institutional Animal Care and Use Committee. A total of 2x10 6 stable cells of MDA-MB-231/miR-384, MCF-7/ miR-384-in and their control cells were injected subcutaneously in the hind limbs of each mouse (n=5 for each group). Then, in the following 3 weeks, the size of each tumor was measured by a slide caliper twice weekly and the tumor volume (V) was calculated as V = length x width x height. All of the mice were euthanized by cervical dislocation after 3 weeks, the tumors were excised, fixed in 10% neutral buffered formalin and embedded in paraffin. Finally, 4-µm sections were prepared and stained with hematoxylin and eosin (H&E) for immunohistochemistry (IHC). Mouse anti-Ki-67 was purchased from Fuzhou Maixin Biotech. Co., Ltd. (Fuzhou, China) to detect the proliferation activity. 
Results

miR-384 is downregulated in breast cancer especially in TNBC compared with normal breast tissue.
The expression of miR-384 was downregulated in breast cancer tissues samples, especially in TNBC, compared with that noted in the normal breast tissues in GSE58606 (Fig. 1A) . Then we detected miR-384 expression in 24 cases of fresh primary breast cancer biopsies and their matched adjacent normal tissues by qPCR. The results showed that miR-384 was downregulated in 95.8% (23/24) of the breast cancer tissues; a 2-fold difference (T/N <0.5) was noted for 87.5% of the paired tissues (21/24) (Fig. 1B) . In addition, the expression of miR-384 was investigated in an additional 26 cases of fresh primary breast cancer biopsies. The results showed that the expression of miR-384 was downregulated in breast cancer tissue samples, especially in TNBC, compared with that noted in the normal breast tissues (Fig. 1C and Table I ). Moreover, we investigated the correlation of miR-384 expression with various clinicopathological parameters of the breast cancer cases. The median relative expression level of miR-384 in 50 cases of breast cancer sample tissues was taken as the cut-off point to separate the tumors with low expression of miR-384 from those with high expression of miR-384. The results of statistical analyses demonstrated that the expression of miR-384 was significantly associated with tumor size and lymph node metastasis ( Fig. 1D and E and Table I ).
Ectopic expression of miR-384 inhibits the proliferation and migration of MDA-MB-231 cells in vitro and in vivo.
We next examined the expression of miR-384 in MDA-MB-231 and MCF-7 by qPCR and found that the expression of miR-384 was relatively lower in the TNBC cell line MDA-MB-231 than that in MCF-7 cells (Fig. 2A) . To evaluate the possible functions of miR-384 in breast cancer progression, we transfected hsa-miR-384 mimics into MDA-MB-231 cells and obtained cells with overexpression miR-384 (Fig. 2B) . Then, we observed the effects of miR-384 on the proliferation and migration of breast cancer cells by MTT assay, colony formation assay, soft agar assay, Transwell migration assay and wound healing assay. We revealed that overexpression of miR-384 inhibited the proliferation and migration abilities of the breast cancer cells in vitro (Fig. 2C-K) . To further observe the effects of miR-384 on the inhibition of the proliferation of breast cancer cells in vivo, we performed a tumorigenesis assay in nude mice by using MDA-MB-231 cells with stable miR-384 overexpression. The tumors in the MDA-MB-231/miR-384 group grew much slower than those in the MDA-MB-231/Vector group (Fig. 2L) . Moreover, we detected the expression of miR-384 in the tumor tissues by qPCR and verified that miR-384 expression in the MDA-MB-231/miR-384 group was significantly higher than that in the MDA-MB-231/Vector group (Fig. 2M) . In addition, H&E staining and IHC were performed. The results of IHC Table I . Correlation of miR-384 expression and the clinicopathological characteristics in the 50 breast cancer cases. showed that the tumors of the MDA-MB-231/miR-384 group showed much lower Ki-67 indices than those in the control group ( Fig. 2N and O) .
Inhibition of endogenous miR-384 promotes the proliferation and migration of MCF-7 cells in vitro and in vivo.
The endogenous expression of miR-384 was suppressed by miR-384 inhibitors in MCF-7 cells (Fig. 3A) . Then, we detected the proliferation and migration abilities of MCF-7/miR-384-in and MCF-7/Scramble cells by MTT assay, colony formation assay, soft agar assay, Transwell migration assay and wound healing assay. The results demonstrated that the suppression of miR-384 significantly increased the proliferation and migration abilities of the MCF-7 cells compared with the control cells ( Fig. 3B-J) . In order to further observe the inhibitory effects of miR-384 on tumor growth in vivo, we performed the tumorigenesis assay in nude mice by using MCF-7 cells with stable miR-384 inhibition. The results showed that the tumors in the MCF-7/miR-384-in group grew much faster than those in MCF-7/Scramble group (Fig. 3K) . The expression of miR-384 was significantly lower in the MCF-7/miR-384-in group than that in the MCF-7/Scramble group (Fig. 3L) . Additionally, H&E staining and IHC were performed. The results of IHC showed that the tumors from the MCF-7/miR-384-in group showed much higher Ki-67 indices than those in the control group ( Fig. 3M and N) .
miR-384 decreases ACVR1 expression by directly binding to its 3'UTR in breast cancer.
In order to further evaluate the function and mechanism of miR-384, three publicly available bioinformatic algorithms (TargetScan, Pictar and miRanda) were used to explore the target gene of miR-384. The results indicated that the 3'-UTR of ACVR1 contained the putative target sequence of miR-384 ( Fig. 4A and B) . To further determine that ACVR1 is a target of miR-384, qPCR and western blot analyses were performed. The results showed that the ACVR1 mRNA and protein levels were significantly downregulated in the miR-384-overexpressing cells, whereas these levels were upregulated in the miR-384-silenced cells (Fig. 4C  and D) . In subsequent experiments, we subcloned the 3'-UTR fragment of ACVR1 containing miR-384 binding site and the mutant fragment into psi-CHECK2 luciferase reporter vectors. Then the dual-luciferase assay analyses demonstrated that the co-expression of miR-384 mimics or inhibitors markedly inhibited or promoted the Renilla luciferase reporter activity of the wild-type ACVR1 3'UTR, but did not change the activity of the mutant 3'UTR constructs and their scramble vectors ( Fig. 4E and F) . Therefore, miR-384 decreased ACVR1 expression by directly binding to its 3'UTR in breast cancer cells. has been reported that ACVR1 is a key regulator of Wnt signaling by regulating the circuit of ACVR1/BMP/Wnt. Consequently, we speculated whether miR-384 would regulate the activity of Wnt/β-catenin signaling in breast cancer cells by ACVR1. The TOP/FOP luciferase assay was firstly performed to detect the Wnt/β-catenin signaling activity. The results showed that the activity of Wnt/β-catenin signaling was significantly increased in the miR-384-overexpressing breast cancer cells and significantly decreased in the miR-384-silenced cells (Fig. 5A and B) . Furthermore, qPCR and western blotting were conducted to examine the expression levels of downstream genes of the Wnt/β-catenin signaling pathway. We found that β-catenin, cyclin D1 and MMP7 were significantly downregulated in breast cancer cells with miR-384 overexpression and upregulated in the miR-384-silenced breast cancer cells (Fig. 5C-F) . To further verify whether miR-384 negatively regulates the Wnt/β-catenin signaling pathway by targeting ACVR1 in breast cancer cells, we cloned ACVR1 ORF into psin-EF-2 and transfected them into MDA-MB-231/miR-384 cells to restore ACVR1 expression ( Fig. 5G and H) . It was found that the activity of Wnt/β-catenin signaling was markedly increased in the MDA-MB-231/miR-384 cells with the restoration of ACVR1 expression (Fig. 5I and J) . In conclusion, miR-384 was found to negatively regulate the Wnt/β-catenin signaling pathway in breast cancer cells.
Suppression of ACVR1 plays important roles in the miR-384-silenced mediated phenotype of breast cancer cells.
To further verify the biological function of miR-384 in the progression of breast cancer, a series of functional experiments were performed in MDA-MB-231-miR-384 cells with ACVR1 restoration (Fig. 6A) . The results demonstrated that the abilities of proliferation and migration of MDA-MB-231/miR-384 cells were significantly increased with the restoration of ACVR1 (Fig. 6B-J) . Moreover, we detected the expression of ACVR1 in 20 freshly collected breast cancer biopsies and explored the correlation between the expression of miR-384 and ACVR1. The results showed that there was a negative correlation between the expression of miR-384 and the expression of ACVR1 mRNA ( Fig. 7A and B) . IHC results detected in the same breast cancer biopsies showed that ACVR1 was increased with the downregulation of miR-384 (Fig. 7C) . The results confirmed that miR-384 suppressed the aggressive phenotype of breast cancer cells by targeting.
Discussion
miRNAs are a class of small non-coding single stranded RNA species. They regulate the expression of target genes at the post-transcriptional levels by binding to specific sites of their mRNAs (19) (20) (21) . It has been reported that miRNAs play crucial roles in the development and progression of many types of cancers and effect the outcome of therapies (22) (23) (24) . However, further insights into the roles and molecular mechanisms of miRNAs during breast cancer progression are needed. To date, the deregulation of miR-384 has only been observed in a few tumor types (13) (14) (15) (16) . For example, miR-384 was found to play an essential role in melanoma metastasis by targeting HDAC3. In addition, it was recently reported that miR-384 exerts tumor-suppressive functions in colorectal cancer, glioma and hepatocellular carcinoma. However, it is still unknown whether dysregulation of miR-384 is associated with the carcinogenesis and development of breast cancer, especially TNBC. In the present study, we found that miR-384 was significantly downregulated in breast cancer, especially in TNBC tissues compared with that in normal breast tissues. Moreover, the expression of miR-384 was markedly lower in TNBC cells than that in non-TNBC cells. We inferred that miR-384 may play important roles in the carcinogenesis and development of breast cancer. Therefore, in the following study, a series of functional experiments demonstrated that the growth and migration of breast cancer cells were inhibited by miR-384 overexpression. Conversely, the inhibition of miR-384 significantly promoted the growth and migration of breast cancer cells. Xenograft experiments further demonstrated that miR-384 could suppress the proliferation of breast cancer cells in vivo. Collectively, these studies verified that miR-384 functions as a tumor suppressor in breast cancer. To explore the molecular mechanism of miR-384 in inhibiting breast cancer progression, we used three publicly available bioinformatic algorithms to analyze the target gene of miR-384. The results showed that ACVR1 (bone morphogenic protein receptor kinase activin A receptor, type I) may be an important target gene of miR-384. A dual-luciferase reporter system assay confirmed that ACVR1 is a direct target of miR-384. ACVR1 (also known as ALK2) is a key receptor of BMP7 (bone morphogenetic protein 7) and an important member of the bone morphogenetic protein (BMP) signaling pathway (25) .
In addition, recent studies have demonstrated that ACVR1 is not only a critical receptor of BMP7 but a key regulator of the Wnt signaling pathway and plays important roles in the occurrence and development of many diseases including breast cancer (6, 26, 27) .
It is well known that the accumulation and nuclear localization of β-catenin is one of the hallmarks of the activation of the Wnt signaling pathway (28, 29) . That is to say, as the Wnt signaling pathway is activated, β-catenin is discharged from the degradation of the complex and results in the translocation of β-catenin into the nucleus, where it interacts with TCF/ LEF (T-cell factor/lymphoid enhancer factor) and finally regulates the expression of specific Wnt target genes (30, 31) . Meanwhile, evidence has shown that miRNAs are crucial modulators of the Wnt/β-catenin signaling pathway (6, (32) (33) (34) (35) . Therefore, in the present study, we aimed to ascertain whether miR-384 inhibits the proliferation of breast cancer by regulating the activation of the Wnt/β-catenin signaling pathway by targeting ACVR1. The results of TOP/FOP luciferase assays firstly demonstrated that the activity of the Wnt/β-catenin signaling pathway could be regulated by the expression of miR-384. The activity of the Wnt/β-catenin signaling pathway was obviously decreased in the miR-384-overexpressing MDA-MB-231 cells, but increased in the miR-384-silenced MCF-7 cells. Furthermore, qPCR and western blotting results verified that there were positive correlations between the expression of miR-384 and the downstream molecules of Wnt signaling and the activity of β-catenin. In subsequent experiments, we found that the repression of ACVR1 in MDA-MB-231 cells significantly decreased the activity of Wnt signaling by TOP/FOP luciferase assays. In addition, the results of the western blot analysis further demonstrated that ACVR1 restoration apparently increased the expression of the downstream molecules of Wnt signaling in the MDA-MB-231/miR-384 cells. Moreover, the proliferation and migration abilities of the MDA-MB-231/miR-384 cells were rescued following the restoration of ACVR1. Finally, there was a significant negative correlations between the expression of miR-384 and the expression of ACVR1 in 20 cases of clinical breast cancer tissues. All of these results supported that miR-384 inhibited the progression of breast cancer by impacting Wnt signaling activity by targeting ACVR1.
Since ACVR1 activates Wnt signaling, which plays an essential role in cancer stem cells, there has been extensive efforts to develop an inhibitor for ACVR1 (26, 36) . However, no effective ACVR1 inhibitor has become available to date. Yet miRNAs have been considered as a promising new class of therapeutic tools for cancer treatment since they are relatively stable and are naturally secreted and taken up by cells. In this study, we confirmed that miR-384 regulates the expression of ACVR1 protein by directly targeting the 3'UTR its mRNA in breast cancer. Restoration of miR-384 could inhibit the progression of breast cancer, especially TNBC.
Although our results are promising, there are still some limitations to this study. First, the results were confirmed only in MDA-MB-231 and MCF-7 cells. Furthermore, the small sample size might be another limitation of this study. We will further verify the conclusion in more cancer cell lines and expand the patient cohort in our future study.
In summary, this study confirmed that miR-384 is downregulated in breast cancer, especially in TNBC. Meanwhile, miR-384 functions as a tumor suppressor in breast cancer by targeting ACVR1 and impacting ACVR1/Wnt signaling. In addition, ACVR1 restoration could reverse the inhibition of the aggressive phenotype of breast cancer cells induced by miR-384. Furthermore, miR-384 expression was inversely correlated with the expression of ACVR1. Therefore, this study discovered a new role for miR-384 in modulating Wnt/β-catenin signaling in breast cancer tumorigenesis and further indicates that miR-384 may serve as a diagnostic and therapeutic target for breast cancer, especially for intractable TNBC.
